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Abs/ract  – The Space Intcrfcromctry  Mission (SIM) flight
system will be launched in June of 2005 into a nearly
circular orbit around the Earth A Delta 11 7920 launch
vehicle will boost the SIM flight system from the
Vandenberg Air Force Base into Earth orbit. over the next
three months, the flight system will be calibrated and
prepared for the science observation phase. During the
science observation phase, data will be collected and
returned from a precision optical interferometeron-board  the
spacecraft for five years and wi 11 enable fundamental new
discoveries in both galactic and extra-galactic astronon]}’.

SIM will perform unp~rallcled  wide-angle astromctry  ;vith
an angular accuracy of at least 4 microarcsccs  (pas), roughly
a factorof  250 over the current stale of the art, and narrow-
anglc astromctry  with an angular accuracy of 0.6-1 PAS.
This precision enables the measurement of distances to
sufficiently bright objects in the galaxy by direct parallax
with no more than 10% error and makes possible highly
accurate proper motion n]easurcmcnts  of objects. As a
consequence, SIM will allow studies of the kinematics of
both isolated stars and composite systems over a large
fraction of our galaxy  and of large-scale Iramsicrsc motions
out to 100 Megaparsccs  (Mpc).
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1. Introduction

The SPICC Interfcromctry  Mission (SIM), originally named
the Orbiting Stcller  Intcrfcromcter, will be NASA’s first
space-based science interferometer. SIM enables fundamental
new discoveries in both galactic and extra-galactic
astronomy by providing high-throughput 4 pas
n~casurcmcnts of astrornctric  positions for objects as faint as
20th nxrg — 250 times more accurate than the
H [PPARCOS ast romctry mission launched by the European
Space Agency in August of 1989.

SIM \~ill provide information on (he size, mass distribution
and the dynamics of our galaxy,  \rill  look for earth-sized
planets orbiting in or near the habitable zones of 50 of the
most suitable solar-type stars, \vil 1 provide the frequency
and orbital characteristics of giant planets and brown dwarfs
orbiting nearby solar-type stars  in order to learn about the
formation and evolution of planetary system and the
transition region bctwccn giant planets and brown dwarfs,
and will provide the ages of ten globular clusters in our
galaxy to an accuracy of 10’ years to test models of galaxy
formation and to compare with the age of the universe
derived from the Hubblc  expansion. In addition, SIM will
provide information on the dynamics and evolution of the
stellar populations within our galaxy, will provide
rotational parallaxcs  of nearby spiral galaxies, will provide
information on the dylklmics  and evolution of binary stars,
will provide luminosities for rnassi~w (O type) stars, novae,
no~’a-like  \rariablcs,  planetary nebulas, and ccphcid  s[ars,
ancl will provide the proper motions of active galactic
nuclei, Finally, SIM \\ill  provide the proper motions and
orbits of stars, spectroscopic binaries and X-ray binaries in
gtobular clusters, \\’ill  provide the masses, distances, and
kinclwrtics  of massive compact halo objects (MACHOS).
\vilt prolicic the space-time cu[vaturc  in the solar system  by
studying the deflection of star[igh(  by the Sun and Jupilcr,
and \vill  prof’idc  tlic  solar gra~, itational  acceleration towards
the galactic center  using high precision obscn’ations  of
quasar proper motions.

I’he SIM intcrferon]ctcr  architecture enables imaging ~vith a
resolution of 10 ruilliarcsccs  (mas)  -- -1 times that of the
Hubble  Space Telescope (HST), as well as coronagraphic-
typc obscma(ions  using starlight nulling.

SIM \vill inurgc  dense globular clusters with a dynamic
range of 100. ! ivit hin 100 mas of (1)c cluster  cores in order
to lncasurc the surface brightness at small radii from the
centers. to trace the amount of mass concentrated at Ihc
ccntcrs.  and to obtain proper motions of the brightest stars
to cstinmlc  the central masses.

SIM, using starlight nulling. will bc able to dclcct  the
brightness and spcctrat  shapes of brow’n du arf stars  ohiting
bright prinla~  stars. \vill dctcnnine  the distribution of dust
in star systclus  wilh dust disks, will attclnpt  to image a
MACFIO object sl\oIIly  after tl~c Icnsing event has ended,
and will ilmgc  disks of young s(cllar  objcc(s.

‘1’IIc SIM arcllitcclllrc  also SCRCS  as a technology pa[hflndcr
for a series of flltiirc astropl~ysics  nlissions.  il]cluding  IIIC
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Exploration of Ncighborirtg  PlancMry  SysIcms (ExNf’S)
mission and other NASA Origins program,

The S [M intcrfcromctcr is a Iong-baseline optical
intcrfcromctcr  operating at wtvclcnglhs  in Ihc fangc from 0,4
pm to 1.0 ~nl with capabilities for ultra-high-accurxcy
astromctry and high-rcsolut  ion, high-dynamic-range
imging  [1], In addition to its primary scicncc  mission,
SIM, with its extensible (to long.cr  baselines) co-phasing
architccturc,  deployed boom, nulling beam combiner, and
other technologies, serves as a technology precursor to the
ExNPS infrared interferometer, SIM uses three interfcromctcr
baselines on a deployed 10 meter structure, linked by laser
mctrolo~ to provide a precision structure. SIM’S design
draws on extensive real-world experience with ground
intcrfcrorneters  used for astronomical observations and an
ongoing technology development program to
specific needs of the space environment.
summarizes the SIM mission parameters.

Table 1 SIM Mission !Wmrnary

lnslmment
Daseline
Wavelength Range
No. of Sidcrostats
Aperture  Diameter
Aslronwlric  FOV
Imaging Ft3V
I)ctcetor

k[issic>lt/FligllLS}ste[[l
Orl,il
Orbit Period
I .mncb Vehicle
hfaw
Pow’zx
I,ifetime

Science Performance
Aslronwt~  (Global)
Astrometry  (Nauow-angle)
Inusging  (Point Source)

hnaging  (F.xlendcd  Source)
NLdling

b\crollynl<

nlilll<]rcsw  (mas)

n]icro:wscc  (pa.)

nld~lparwcs  (mpc)

parsec  (pc)

I,igbl Year (1 .Y)
micron (pnl)

nanometer (inn)

piconlcler  (pm)

10 meters

0,4 -1.0 pm
7
33 cm
15 degrew circulflr
0,4 x 2,4 amec
Si-W1)& Apt)

address t hc
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900  km  Skt,l-s  y,, cl, r.>,,,>  ,1.
103 mitt
Delta-[1 7920
1807 kg
1912 U’
5 years

4 pas on 20111 mag in 10 hrs
1 pas on 15th mag in 3 hrs
25th mag in I hr
20th nlag/pixel in 1 hr
10-4

OIIC  thOILW1dth  Of all arC\CC

one millionth of an arcsec
one nlillion parsecs (pc)
3.258 [,igbt Years (1,S)
9.461 trillion km
one millionth of a meter
one billionth of a meter
onc trillionth of a meter

2. Scicnce[’ayload

TIIC SIM intcrfcromctcrarchilcc(  urc is based on a series of
successful ground-bawd in[crfcromctcrs.  Figure 1 shows a
drawing of the SIM flight systcm tvhich is composed of the
spacccraf(  plus (IIC scicncc  pa}load.  Figure 2 shows a
schcnmic  of ho~t SIM makes its astromctric,  imaging and
nulling mcasurcllicnts. Starlight is collcctcd  by sidcrostats
Iocatcd at ends of [hc inlcrfcromctcr  and redirected to a beam
combiner using a series of fold mirrors. The path difference
bctwccn the two arms of the intcrfcromctcr  must bc equal in
order to produce a w’hitc-light  fringe signal. A movable
delay Iinc is used to add optical path in onc arm of the
intcrfcromctcr. The quantity of interest for astromctry is the
angle  bchvccn the bmclinc vector and the star unit \cctor.  ~,
\\hich is given by

x [lam (8) -1 c
where:

x = fringe position
c = instrument offset
B = baseline length

I’hc fringe position gives the phase at a particular u-v point
(baseline & orientation), and is measured along ~vith  the
fringe fusibility which gi~es the amplitude information for
s~nthcsis  imaging, The u-v plane is pcrpcndicuhlr  to the
IInc of sigh{  to the target of interest ( the u axis points
North and the v axis points Eas[).  Nulling  measurements
arc made by adding a 180 degree phase shift to onc
intcrfcromctcr  arm and canceling the on-axis star light.

SIM uses three coltincar  intcrfcromctcrs,  by combining any
SIX of its se\cII sictcrostats  in pairs, and observes three
targets sinmltancously. The seventh sidcrostat  provides
rcc!unclancy  for S1 M. T\\o intcrfcronlctcrs  acquire fringes on
bright guide .sIars  to stabilize the attitude of the spacccraftin
the principle angular di mcnsions.  The atti(udc  information
is then fcd fonvard  to the third (scicncc)  intcrfcrometcr  \\rhich
altows  il to measure fringes on dim targets. Using this
tcchniquc  in t hc abscncc  of at mosphcnc dist urbances  emblcs
SIM to achicvc  long cohcrcnt  integration times and high
scnsilivi[y.

SIM also demonstrates calibration tcclmiqucs  which arc
scakrblc  [o long, cr baselines. During obscwations.  the
science inlcrfcronlctcr  periodically calibrates itsclfby  nlaking
obscnations on the t~i’o guide slar.s  This pro}idcs  a direct
rncasurcmcnt  of [iic inlcrfcromctcr bias term. c. without
n]oving the spacecraft. Systematic errors occurring at tirnc
sctrlcs longer than the s)~itching [irnc  arc also calibrated out
In addition, since astromctric  obscwations  of the scicncc
targets arc made using a single intcrfcromctcr,  certain errors
such as inlpcrfcctions  in the fringe dctcc[or  nrc common to
a l l  obscmations  and do not  af fect  the final aslromc[ric
nlcaslrrcnlcnt

SIM r~]cas(lrcs  the posilions  of -I(NN bright rcfcrcncestars  to
cstabllsit  it rcfcrcl~ccgrid  Targcicd astron]ctric  obscnations
arc rcfcrclwcd  ag;)lnsl tllcsc stars. 4X closure techniques arc
uscct  [o sottc for uncalibratcct  irts[rurncnt  paraluctcrs  SUCII  m



plate scale (i,c., metrology Iascr wavelength) [2]. SIM
measures the positions of the rcfcrcnccstars  as part of its
calibration pmccdurc,  These stars arc measured may  tilncs
over the Iifctirnc  of the mission in order to dclcnninc Ihcir
proper motion and parallax.

The ability to rnakc u-v rncasurcrncnts  at different bascli  ncs
enables SIM to image objects without a priori knowledge of
their spectral properties, as well as imaging targets with
narrow-line emissions. SIM performs synthesis imaging by
making visibility and phase mcasurerncnts  at a number of u-
v points. The ability to interfere any pair of the seven
sidcrostats  results in measurements with baselines bctwccn
0.5 and 10 meters in 0.5 meter increments. These
rneasurcrnents  produce u-v measurements at varying spatial
resolutions, while measuremcn[s  at differentoricntat  ions arc
obtained by rotating the spacecraft. Stanckrrd  algorithms
dcvclopcd  for ground based interferometers arc used to
synthcsi7c  the flrral image from the u-v mcasurcmcnts.

The SIM interferomcterhas  three major systems: starlight,
metrology, and electronics/software. The starlight systcm
collects the stellar photons and acquires the starlight fringe
patterns. Pointing and pathlcngth control loops are used to
control the tilt and delay bctwccn the two arms of the
interfcrornetcr  in order to acquirt  the fringe signal. The
metrology  systcm is used to calibrate the intcrferomctcrby
monitoring changes in the three baselines and delay line
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positions The electronics/soft\varc systcni  controls the
operation ofthc SIMin(crfcrolnctcr  and provides the control
loops for the starlight systcnl  and processing for the
mclrology systcm

SIM’susc  ofac(ivc optics makes the in. strumcnt  insensitive
10 thermal deformation.s of the structure and metrology
boom Alignment mirrors and articulated bcarn Iaunchcrs
arc. used to direct starlight and metrology bcarns  to their
Iargcls.  The SIM instrument provides thermal control for
all the subsystems. The delay line/beam combiner and
electronic subsystems operate at 20 dcgrccs  C and arc
controlled to f 1 dcgrcc  C. The sidcrostat  bays have
similart  cmpcraturcrc quirements.  Certain components such
asthc sidcrostat  mirror and metrology beam launchcrshavc
local thcnnalc ontrollcrs~vhich  maintain their tcmpcraturc
stability to 10 nlilli-Kelvin (n~K) for-10 minutes. First
ordcrthcrmal modeling has dcmomstratedt hat this level of
thcnnal  control is feasible.

,Va-light .~\slctrl

The SIM starlight systcrn collects the stellar photons and
provides thctilt  andpattdcngth  control nccessaryto  acquire
and measure interfcromclcr fringes. The starlight
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Figure 1 SIM Flight Systc(tt  Dra\\ing
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systcm is subdivided into sidcrostal bays, switchyard.  delay
lines, and beam combiners.

The SIM starlight sys[cm has 7 sidcrosta( bays, 6 of tvhich
arc used at any onc time, to form the Ihrcc in(crfcromc(crs.
Wrrlight  is collcctcd  using a 40 cm flaI nlirror The
starlight is then rcduccd using a beam compressor }vith a
clear aperture of 33 cm and an output beam siz.c of 3 cm.
The sidcrostat  articulates over f2.5 dcgrccs  which allows
SIM to observe a 15 degree cicular  region of the sky. The
starlight is then sent to a fast steering mirror  (FSM)
followed by an alignment mirror to direct the beam to~vard
the remainder of the starlight optics in the central beam
combining tower. Similar to ground based intcrfcromctcrs,
the FSM and siderostat  provide high and Iofv bandwidth
control of wavefront tilt, respectively. The alignment mirror
provides quasi-static alignment of the starlight beam
bchvccn the bays and the beam combiners. TIIC light  fron~
the siderostat  bays enters a switchyard  lvhich  altows  an} of
the bays to transmit light to any delay line/con]bincr
assembly. This enables SIM to make mcasurcmcnts  lvith
diffcrentbaseline  lengths and also provides redundancy for
sidcrostat  bays.

The SIM starlight system has five delay line/conlbincr
assemblies. Three (plus 1 spare) are used for astrometric
and imaging measurements and the fifth  is used for nulling
interferometry. Each assenlbly  uses one active and onc fmcd
delay line. The active delay line has an accllracy of 1
nanometer (rim) and a range of 1 meter as nccdcd to obscmc
stars w’ithin  the 15 degree circular region of sk~’. The S IM
acti~’c delay line design is based on a long histov of ground
based designs and uses a cat’s cyc configuration with three
levels of control: a motor for the long throJv,  a voice coil 10
isola(c the optics from the motor and a Piczo actuator  (PZT)
for high bandwidth control, The fixed delay line is simply
an active one with no actuators. It is used to maintain the
polarization propcrlics  bct~vccn the t~vo arms of the
inlcrfcrornctcr.  The beam Combiner interferes the light from
two arms of the interferometer and detects the stellar fringes.
Additionally, the beam combiner detects ~vavefront  tilt for
both interfcrornctcr  arms. The fringe plttcrn  is dctcctcd
using both a dispersed fringe spcctromctcr,  which has a Iargc
capture range, and an avalanche photo diode (APD) for high
sensitivity operation. The dispersed fringe spcctromctcr
uscs a slit to incrcasc SIM’S instantaneous field of vicix to
().4 x 2.4 arcsecs,  A single charge coupled devise (CCD)
dclcclor is used for both the dispersed fringe detector and the
tilt sensor. The SIM fringe tracker can use currcn( tolv-noise
CCD technology to meet its rcquircnlcnts.  Hofvcvcr,  ncu’cr
dcviccs  which will CVOIVC  fronl  the tccl~nolog?’  proww
such as a 128 x 128 backside illumimted  dcvicc  using
s k i p p e r  (rnultiplc nondcslructi~e  r e a d s )  tcctlnolog3’
producing low read noise at high readout rates ( 100 Hz.
frarnc ra!c), will bc incorporated if they bccomc  available.
The beam laullchcr  for the internal metrology gauge uscs a
design similar to the cx(crnal metrology Iaunchcrs.
dcscribcd in (I)c next scclion.  and is shou 1) os p:lrt  of ltlc
bcanl combiner.

A nulling bean] combiner uscs an achronlatic  nulling
illtcrfcroll]c(cr  design similar to that proposed for the ExNPS
illlcrfcronic[cr  to  produce a h i g h  Ickcl  of  star l ight

cancellation for an on-:lsis  star, The beam combiner
intcrfcrcs  light from (WO aruls  of the intcrfcromctcr  and
produces cancellation by introducing a 180 dcgrcc  phase
shift in onc of the arms. Achromaticitj  is achicvcd  by
in]plcmcnting  the phase shift with a polarization  flip as
opposed to a path delay. The nulling subsystem uscs the
delay Iinc to accurately control the pathlcngth  bct~vccn the
t~vo arms. Single mode fibers eliminate the effects of
wavcfront  aberrations. Steering mirrors match the amplitude
bct~vccn the tJvo  arnls by modulating the amount of light
coupled into the frbcrs.

The S1 M metrology systcnl  rno]iitors  the systematic errors
at the 10 picomctcr  (pm) level  to achieve the 4 pas
astromctric  performance. The metrology systcm  is
composed of the internal metrology subsystctn  and the
external metrology sllbsystcn~. The intcrna[  metrology
subsystcm  monitors the path ditTcrcncc  bcl~J’ecn the ttvo
arms of (hc intcrfcromctcr  thereby measuring the position of
the stellar white light fringe.

I’hc internal metrology beam launcher is integrated with the
beam colllbincr  and uses the inner 5 mm of the optical
aperture. The internal metrology system, based on the
Palomar Tcstbcd Intcrfcromctcr design, Iautlchcs  a
mctrolog! beam ~vhich is concentric and parallel to the
star l ight  beam ancl n]casurcs  the distance f r o m  t~~c
bcamsplittcr  to the corner cubes on the sidcrostat.

l’hc cstcrnal  mc(rology  subsystem measures ctungcs  in the
baselines oft he t hrec intcrfcromctcrs.  An cxtcrnai metrology
beam launcher assembly is Iocatcd at each of the vcrticcs  of
tlic metrology reference tetrahedron The beam launcher
assembly inlcrrogatcs  each of the sidcrostat  conlcr cubes.
Since only  three launcher assemblies arc nccdcd for
triangulation, the fourlh set of Iaunchcrs  is redundant and
provides a consistency check on the metrology data. Each
set of Iaunchcrs shares a comnIon  optical ficlucial,  a dual
hcmisphcrc  cat’s cjc Six additional n]c(rology  beam
n]onitor tllc clistanccs  bctw’ccn the cat’s eyes and hcncc the
\crticcs of the rcfcrcncc  structure. In this mnncr,  a
deterministic optical truss bctwccn the rcfcrcncc  structure
al~d the sidcrostat  mirrors is fornlcd. Both the internal and
external metrology subsystcnls usc tt~c sanlc corner cllbcs
Iocatcd on the surface of the sidcrostat  mirrors

I’hc SIM rnc[rology  systcm  uscs hctcrodync  Iascr gauges
similar  in principle to those in commercial Systcnls  to
nlca.sure dis(oitccs  bctf~ccn  optical flducials  Tlvo  types of
I;]scr gauges arc used rclatii’c  gauges which mcas~lrc
ctis[n[lcc CIUiIIgCS al t h e  II) pI~I lc~c1. and absol~ltc  g~lllgcs
wl~icl~ arc used to calibrate tl]c dimcnsiol]s  of the optical
truss at the 10 nlicron (pm) Ictcl Both laser gauges usc a
Ncod!r]liunl  Yttrium Alunlinunl  Gaulct  (Nc1:YAG) Iascr  at
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1.3 pm, which is not visible (o the scicncc detectors on (IIC
beam cornbincrs.  SIM uscs the same Iascr for all of its
metrology gauges, and since both the baseline and fringe
posilion  arc measured with the same ‘Yulcr”, CIMWCS in the
Iascr wavelength do not affect the measured aslromc(  ric
angle.

Electronics and Sojhore .$vsktn

The Electronics and Software Systcm includes the flight
instnrmcnt  computer, the drivers for the Opto-mechanical
components, and the detector electronics for the fringe
tmckcrs  and metrology sensors. The SIM instnrmcnt  uscs
t hrec advanced flight computers to cent rol the inst rumcnt
and acquire the fringe and rnctrology data. The SIM
instnrmcnt  produces 6.7 Gbits of data per day, which is
compressed and stored along with the engineering data in
the spacecraft computer prior to down link.

SIM takes advantage of the extensive software devclopn]cnt
efforlundcrtaken  as part of the ground-based and testbcd
activities, utilizing algorithms and software modtrlcs for the
intcrferomcterf  light software. SIM and these ground based
interferometers strare a common software architecture. This
helps to address the issue of software complexity, an area
that has always been a major issue in the integration and
test of interfcrornctcrs.

Astrottwtric Scicnce

T’hc as(romctric  science objectives of SIM arc suntnulrized
in Table 2. SIM performs unparalleled ~vicle-al@c

:]strolllct~,  Witil  an a c c u r a c y  of 0( /u7.$( -J was. roughty  a
fnctor of 250 otcr the current slate of the art (i.e. the
}IIPPARCOS  mission). For narrow-angle applications
(dark conlpanion  detection) SIM will pcrfonn  narrow-angle
astromctry of 0.6- I pas. Astromctric  mcasurcmcnts  of this
precision crmblc  the ntcasurcmcn[  of distances to suftlcicntly
bright objects in our galaxy by direct parallax with no more
than 100/0 error. Astromctry  at this precision makes
possible highly accurate proper motion mcasurcmcnts.
These t~vo cap~bilitics  taken together give SIM the ability
to probe ki nerwttics  of both isolated stars and composite
systems over a Iargc fraction of our galaxy. and probe large-
scalc transverse motions out to 100 Mpc.

SIM makes astromctric  measurements by using six of its
seven sidcrostats to form three indcpcndcnt  intcrfcrornctcr
baselines. Two baselines are used to observe bright guide
stars from the rcfcrcncc grid. The information from these
two intctferomctcrs  is used to control spacecraftattitude  and
instrument configuration for the third baseline as it obscmes
the potentially-laintcr scicncc target. il posieriori,

individual measurements on a given scicncc target arc
cornbincd  with global refcrencc  grid infonnat  ion to derive
the target position estimate [2].

The analysis here uscs conservative estimates for SIM’S la
pcrformancc: a ~vidc-angic  astromctric  accuracy of 4 WS, and
a narrow-angle astrometric  accuracy of 0.6– 1 pas. Taking
single nlcasurcmcnts  at the beginning and end of the five
year mission yields a proper motion precision of 1.6 pas
yr 1. Systcmat  ic errors in the ast romct ric rncasuremcnts arc
present at some tcvcl although it is difficult to estimate what
fraction of the error is systematic at this point. For planning
purposes the systcl)mtic noise floor for multiple
mcasurcn~cn(s  is assumed to bc onc half the quoted values.

Table 2 Astronlctric  Scicncc Summary

Science Topic ObJective ‘Iarget Description Ma~nitudr Range Crrrnrnents

Dark Conlpmions Astrometric  Detections of Nearby Sta[s, I.hlc, Silt, 5- 22 [)ctecl  G&\  GIJIII..  111)

Planets, 111), WI), hlACII() and tlulge  field  Slars, nnd \\’I)  conlp<uliotls.

Candidates* Possible ht ,\Ct [( ) \[AC’t 10 A\trun]ctric
Coll)pilnlm l.tlccts

t.uminosity Cali[Jr.itc/Cotlstraill hls St<ll.,  Ccpbcld.. 4 20 C’xllbt<ltc St<uldilrd
Calltmcition Astrophysical hiodcls RI< 1>1’lc’,  I’A’,  N<~\’.t’C’l’ <’;111111<.

(() (l(’.) r<ulgc  cn,~r)

Ilinary  Systems Ltms Distributions of hlS 11111  .irw., 12 20 ( I,, C{, L,, VOC’,l  Al:!<.

IIinary Constituents Cv (\\’llltc I)\vart’s), 1)1.tribllti<~!]\
.XRII  (Neutron Star..
IWsck tlolcs)

Globular Clusters Calibrate Cluster Globular Clusters 12- 20 Clu\tcr :lgc l)cternlin.t-
Distances/Ages, (47 “[’m’, to cell, tloll.  Ihmamim

Cluster  ~marnics Af15. Ctc ) (Cro\vticd Flcld Opcr.,lion)

Gdaclic  Structure Rotation Curve [,atly ilaill  Scquctiwr{ 10 20 Spirtll  ;\nll  Dc[ls itics.

Spiral >lnl] 2  20 kpc, f[:ll,) K 1).lrh Llaltcr 1)}.trlt~uti,ln

}Ialo Kinci]latic\ [;lallt.
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although  the theoretical capability of the SIM ins[rumcnt  is
much higher duc to iki 10-n~ baseline. For ins[ancc,
pcrformanccof  the 3-dirncnsional  metrology syslcm at the
10 pm Icvcl rcduccs  the astromctric  error to 0.2 KIS,

Itnoging ,Vcierrcc

The imaging science objectives of SIM arc summarized in
Table 3. SIM performs synthesis imaging at a resolution of
10 mm over a 400 mas field, The u-v plane is sampled by
rotating the baseline around the line-of-sight to the target,
and by making visibility measurements using diffcrcntpairs
of sidcrostats.  As in astromctric  mode, two intcrferomctcr
baselines track guide stars to maintain attitude and
pathlcngth  control for the third interferometer. This third
interferometer collects science data by imaging (he dispersed
~vidc-band fringe along one axis of a CCD detector,
measuring visibility amplitude and phase. This capability
allows SIM to pcrfom~ multispcctral  imaging at 6 M k
-1’Yo. The second axis of the CCD is used to image
multiple subapcrture  acceptance regions concurrently, so the
effcctivesize  of a combined synthesized image is 0.4 x 2.4
arcsecs.

Particularly interesting for the ExNPS mission, SIM }vill
inchtdc a nulling  beam combiner for usc in image synthesis.
Nulling  opens a Iargc number of possibilities for imaging
experiments where a bright object’s light would otherwise
make the detection of a faint companion and/or underlying
structure impossible. This nulling technology is at the
heart of the long-baseline ExNPS interferometer, and its

demonstration by SIM will bc an inlporlat]l  clcmons(ration
of the tcchniquc’s  viabilit?.

The combimltion  of SIM’S astronlclr’ic  and imaging
capabil it ics make it a powerful insl rumcnt  10 study  a broad
range ofaslrophysical  problcnls. from nstromctric  surveys of
nearby stars to the cosmic distance scale and mass
distribution

3. Spacecraft

The s~~cccraft  is composed of engineering subsystems
designed to bc robust, minimizing both development risk
and flight risk.

Only technology expected to be demonstrated by reqllired
conunitmcnt  dates is used. This balances the benefits of new
technology versus the risk of development, Acceptable “off
the shelf’ backups have been identified in all cases where
ncw technology is not currently available. The spacecraft
ulilizes  class–S parts with block redundancy for critical
cnginccring  functions. No life limiting consumables arc
used. The spacecraft is designed radiation hard to >100
krads. Where parw are not available to meet this
rcquircmcnt,  analysis and shielding will bc used to insure
adequate radiation margin. l.argc margins for mass, power,
and data handling arc pro~rided to enhance acceptable cost
and Schcdulc  risks.

The rna.lor rcquircrncnts  dri~ing the design of the spacecraft
(S/C) are shoivn in Table 4.

Table 3 SIM imaging Scicncc Sumrnan

Typirnl  Soured
Target Chssifbtioh Ohjccti}c SuIfacr  Ilrigbtncss l’otnl  lnt l’inle

Ikown Ihvarf Survey I)ilysical 14- 18 II)<lg 6 1)1>
(GL229EI  prototype) Parmnetcrs

Globular Clusters Core Resolution, 8- 14 nl:lg 6- 24111>
Dymamics

hlain Sequence $upcrplanws,  l.xo- 12 I 5 Illog ilwc”~ 24 36 brs
(~ Pic prototype) Z,odic:ll F.mission

YSO Disks Resolve I)ish l)dnsitIc< 12 n]:lg ;Iwc”: 24 30 111s

(GhI Aurig,t prototype) M(i I“c; lture,

ACrN NI.R Rcsolvt h’1  ,[<  l’.n]iss  ion ()(1() ‘) Pbotom  n)”~ s“’ :lwc”? 24 30 hrs
(NCiC 2110 prulotypc) [ ,Illc I“callllc<

[)istant  Galaxies Early Galmy 16 18 I)lag :ISCC’* 24 96 brs
(tI[)F  F.xmlple) hlorpllology

Acronyms:
Af3N Active galactic nuclws,  111)  Ikown ci\vml, IIIR IIroild lliw region, C\’ C’ataclysnlic  vari:lblc.
]!l)[; IIubble  dcdp  S~lCC. [.hlC LargL! n]ogcll:lnic  cloud, hfACI [ 0  hlasstvc  conIp.Ic[  IIJIO objc,.t,
hlS hl~in sequence.  NGC N’ew  gciwr.il  cat:iloguc, NI R Narrw I,,,c  rcglon. [’N Pl:ulct<lry  Iwhlll:l,

ShfC Sm:Ill  nimgcllitnic  clod, U’1) \VIIIte dw;lrf, .SRD X-rtiy  hin:q, }’S() }“,>llllg  slcllar  objccl



Table 4 Spacccrail Rcquircmcnls

hiission  life
“1’rajwtory

(MJilal Altitude
orbital Inclination

Orbittl  Period

Trajcdory  Corrwtiofl  Mancuwrs

Sun Occultation

Orbital Velocity Determination
Pointing

spac~~an Turn
Spacecratl  Attitude Control
Spacematl  Attitude Knowledge

(afler  ground processing)

sp~ctxdt  Attitude Stability
‘tlrenllal and stmetural stability
hfaximum  Baseline
Instturnent  hires with Cabling
InstrrmvM  Power
lnstnrmenl  Data Rate

5 years, mlninlunl
F.aflh  Orbit, Sun Sync

900 km circuktr
99°
103 nlillu[cs
11<)(1C
none for -, 250 days/year,
0.3 hour. max during
< lCK) dayslyear
4 mnll.sec

90 degrees in 5 min
15 arcsec
5 arcsw

6 arcsecktc
l-cm ratius
10 Ill
1240 kg
721 W average
77.8 kbps peak rate

l’otal Radiation Dose 40 krads (@ 100 rnil Al)

The flight system launch configuration inside the launch
vehicle fairing  is shown in Figure 3. The flight system on
orbit configuration is shown in Figure 1.

Structure

T h e  c e n t r a l  shuclural  element is fr-m  long with a 1 n12

rectangular cross-sect ion, It contains the instrument’s beam
combiners and most of the engineering electronics.
Structural simplicity is emphasimd,  Three fixed solar arra~
panels are mounted on onc side. An alternate design with
articulated solar panels is in development. Two S-m long
sidcrostat  arms and a 6-n~ metrology arm arc attached b~
means of hinges and deployment struts to the upper edges of
the bus.

Struchrral  elements are fabricated from graphite epoxy
composite to provide stiffness and minimum thcrnlal
dcftcction,  Large scale structures constructed using this
approach have demonstrated sub-ccntitncter  thermal
distortionlstability  on orbit. The closed loop optical
systems which are used to compensate for the thcrnlal
structural movement have more than adequate amplitude and
frequency response capability for compensation

The deployment components used on the flight system draw
upon hardware developed in the NASA and military
communities, The components for performing the necessary
deployments arc within the slate of the art

The deployment and latching mcclvtnisms  provide sub-
micron Icvcl stability. The dcploymcn(  component
sclcc(ion  criteria uses existing flight proven designs and
components. All joints arc prcloaclcd  to eliminate joint

/

---J

Figure 3 S1 M Launch Configuration

backlash. The pcrformanccof the deployment components
arc validated by ground  test at tbc  module  Icvcl.

The metrology boom assembly is an internally prcloaded
(zero backlash) A13C-ABLE ADAM Mast A 60-n~ long
ADAM Mast is to be used on the Space Radar Topographic
Mapping (SRTM) mission The ADAM Mast is a
derivative of ABLE’s FAST Mast which will bc flown as
part oft he Space Station solar array assembly. The flight
system uses a scaled dowm version of the mast used for these
t\vo applications. The ADAM Mast is preferable to the
FAST Mast because the part and joint count is low’cr,  and
the ADAM Masl  is athcrmali~.cd,  The ADAM mast is
readily scaled to the Itlhm length range desired for ExNPS.

The two sidcrostat  booms arc fold out arms that lock into
place. JPL has flo~vn or w’ill  fly a number of foldout booms,
including the NSCAT antennas. the TOPEX GPS boom,
and Vojagcr RTG boom The foldout booms used arc
driven by dwrl-drive actuators J P1- has a ktrgc body of
successful cxpcricncc in the dcvclopmcnt  iln(l usc of the very
reliable space qu:dificd  dual-drive octuators.

All deploy mcnt asscmbllcs  arc qualiflcd  to  ve r i fy
deployment functionality and accurac.v using gravity off-
loading tcchniq{lcs.  The sidcrostat  foldout booms arc tcs(cd
on an air bearing table. I“hc mctrolog~ boom is tested
~crlicall!.  tvith a gravity off-load dcvlcc similar to an
o~’crhead crane.



7klt)cottlt)luflicotion.v” and cclipsc  poJvcr rcquircllwnts I’tw power syslcn]  is
rcdunctant,

Both uplink anddowrdink arc at X-Band frequency. The
dowmlink bit rate is 20 Mbps. The nu~jor
telecommunication k~rd}varccorl~~llcr~ls  arc: 4 Low Gain
(patch) Antcnnas(L GA)w’it}lagainof6  dB each providing
4n stcradian  ccweragc, redundant Cincinnati E[cc(ronics
(CE) X-Band transmitters with 3-W RF internal power
amplifiers, and a redundant Small Deep Space Tmnspondcr
(SDST) to provide for uplink and dowmlink. Three
Waveguidc  Transfer Switches (WTS) and 4 hybrids
configure the LGAs such that each antenna can rcceivc (IN
commanding signal as well as transmit the telemetry.

The downlink data is coded using a ra(c 1/2, constraint
length 7 convolutional code concaterurtcd with Reed
Solomon 223/255 code for error correction, The coding
provides a Bit Error Rate (BER) of 10-6  for a required bit
energy to noise density ratio of about 2,5 dB. The
telemetry link has a margin greater than 4 dB.

Attitude Control

The spacccraftattitude  determination capability is provided
by a fine sun  sensor, Ncw Millennium technology star
tracker, magnetometer, GPS “receiver on a chip” capable of
performing attitude determination (GPS ADS), and a fiber
optic incrlial reference unit (IRU). All sensors arc
redundant.

The sun sensors and GPS ADS rcccivcr  provide coarse
attitode information as W’cll as  pos i t ion , \’clocits,
acceleration, and time for the spacecraft. This information ;S
transferred to the star tracker for fine absolute pointing
information for attitude determination, The rnagnctomctcr
is used for magnetic field detection to control the magnetic
torqucrs. The IRU provides angular spacecraft rate
information.

Attitude control capability is provided by four reaction
wheels isolated from the structure by an active hcxapod
vibration isolation assembly. Tttc wheels arc offloaded by
magnetic torqucrs. Large reaction wheels (Hubblc design)
allow the sp~cecraft  to rotate 90 dcgrccs in 5 minutes. All
act uato rs are rcdunda nt

Power

Sotar energy is convcrtcd  to electrical power using GaAs
CCII  technology (8-cn~2 cells)  in an array of 14.37 U12
combined area. Solar array power of 1912 W in direct
sunlight is dclivcrcd  using a direct energy transfer systcnl
incorporating a shunt timitcr.  sccondmy  battery and charg, cr,
and toad switching at a nominal 28 Vdc. A capacitive
discharge pyro systcm  is included 10 deploy the boonls.
The sccondory bat!cry of W Ah Ni - H2 (tPV) CCIIS  is si~.cd
to deliver 200 W for 4 hours which supports both launch

( ‘f MmHatI(/ find [Into  I[ondllllg

The spacecraft controller provides centralized command and
data handling functions required by the spacecraft from
launch through cnd of mission These functions i ncludc
command processing, tclcmctry  data processing, nlass
storage. attitude control computational SLIPPOrt, and
executive control.

The spacecraft controttcr dccodcs, validates, buffers and
issues ground comma nds rcccivcd from t hc
telecommunications subsystem It also generates and issues
vatidatcd  control commands resulting from parametric
computations performed in sllpport of attitude control
functions during orbitat  operations.

The spacecraft controtlcr  continuously acquires 2 kbps of
engineering data in both analog and digital form, which is
digitized,  packctizcd  and buffered. The controller also
rcccivcs, proccsscs, buffers, packctizcs,  and compresses (2:1
IOSSICSS) the 77.8 kbps digitized payload data. The
controller merges all spacecraft cnginccring and paytoad data
packets into a single tclcmctry  data stream This packetizcd
tclcmctry  data is Reed-Solon~on cncodcd,  buffered and
placed into mass storage for later transmittal to the ground.

Data is stored on board al 6.9 Gb/day.  on a 64 Gb
redundant DRAM storage dcvicc. A Transparent
Asynchronous Xn~ittcr-Rcccivcr  Interface (TAXI) (available
as a radiation hardened tl~o-chip set) is used to provide high
speed transfer (5- 100 Mbps)  from the mass s[oragc nvcmory
to the tclc-col~~rlltlllicaliol~s  subsystcm The data is
downlinkcd  in less than  12 ll~ilutcs  c}c~ 4 days at 20
Mbps,  with large margins.

An architecture similar to that of the Mars Pathfinder
Att it udc and 1 nformat ion Management Subsystcnl  is used
This fcalurcs  an ad~ranccd  Rcduccd  Instruction Set Chip
RS6000 Central Processing Unit capable of high speed
computations and coiltrol  functions combined ~vith a VME
backplane There arc 256 Kbytcs of EE PROM (boot
PROM). The VME backplane provides standardi~.ation  for
all interfaces for both ftight  and ground (test) equipment
Thcspacccrafl  controller acts as bus controller at all times.
~t itt~ each subsvstcm  interfacing to the bus through a
standard bus ir;tcrfacc  unit (BIU). The high density
memory board provides Direct Memory Accessing (DMA)
capability. and double error detection and single correction
for 10 Gbits  of DRAM pcrboard

/’t”o[H//.())1)l

Siucc (hc flight sys(cln  is injcctcd  into a sufflcicl~tly  accurate
and slablc orbit to mccl all scicncc  rcquircmcnls  well
beyond tl~c mission Iifctimc  without spacecraft propulsive
nulncuIcrs.  no propulsion systclll  is required



Table 6 F[iglit  S}s(cnt Power Es(ilIIa(cs
. .

The thcrrrd  control subsystcm  maintains the slruclurc
tcmpcrahrrc  within required tcmpcraturc  and lhcrmal
gradient limits to mainmin  Ihc shuctural  alignment of the
optical clcrncnts, as well as meet electronics and instrument
flight allowable temperatures.

The design uscs flight proven clcmcnts,  including
multi layer insulation enclosing the entire structure to
minimize gradients leading to ttrcrmal distortio~  thermal
louvers, electric hcatershhcrmostats,  thermal surfaces and
radiators, and thcrrnal conduction control.

The structure is isolated from the active clcmcnts
(sidcrostat,  beam launchers, e(c.) with mul[ilaycr insulation
and thcrrnal isolators. Each of the instrument thcrnlally-
critical elements maintains its own thermal control. The
irrstrurncnt  optics are nominally maintained at 20”C and the
instrument detector is maintained at -90”C. Active heaters
and electronics are used as needed. None of the thcrmai
cent rol etcmcnts  require additional dcvclopmcnt.

Iigincml)g
St[-llcturc

‘[ ’elcc<jllllllll!  lic:t[i(jfrs
~\ttitl&  Control
Power

C’oll)n)alld  and I)ala  llatldlmg
Propulsion

l’otal Fmginwring

Scienct Payload

Slarligllt Stlbsyster]l
Llctrology Subsystem
Precision Structure Suhsystern”
I{caltin)c  Cootml Subsystcm

‘1 otdl Science Payload

l’olal Power Reqllired
Solar Pantl Capability
hfargin

● Includes l’hermol ami Cabling

SC! &
Ilall

S!mM1.w  ChIA
o (J (J

12 46 12
132 132 132
80 80 4X9
23 23 23

-Q -Q-Q

247 281 656

281 281 281
200 200 200

69
lzl z;

721 721 721

968 1002 1377
1912 1912 1912
98?; 91°. 39”0

Systetn A!orginsRobu.vtrtess  ff{i.fk

The flight system mass is shown in Tabic 5. The flight
systcm  power is shown in Table 6.

Large margins for mass, power, memory, and tolcrancc to
the cnvironrnent  arc provided in the design. Long life
designs ~vitll  no consumables further enhance the systcm
robustness. All engineering subsystems arc fully redundant.
Hardware used is expected to be dcvclopcd by conllllitl~lc[~t
deadlines, and an acceptable backup ensures the ability of
the flight system development to meet schcdulc constraints.
All the above rcducc  cost risk. The result is a flight systcm
design that is robust, with minimum dcvctopmcnt  and
flight  risk.

Table 5 Flight Systcm Mass Eslimatcs
h

I%gillcering

Structure 6S

Te[ecol~]l~ltltlicaIio[ls lx
Attitude mid Isolation Contrcd 251
Power and Pyro 89
Command and Data [[andiiog 32
Propulsicm - Q
Total F.nginecring 4s5

Science Payload
Starlight Subsystem 676
hlctmtogy Subsystem 69
Precision StruclLIre, lhernml,  and Cal>lil]g 400
Reallinw Conlrol  SubsysleII1 _M

“Iolal Science I 240

1 ./\J ..ldapltr 112

1 otal I’light Systcn)  (CI)I.) 1 X07

IA’ Capability 3(K)rJ

hlorgin 66”0

4, Mission Ilescription

The orbit sclcctcd  for SIM, shown in Figure 4 is near polar.
circular and Slltl-syrlcl~rol~oL1s.  The altitude is 900 km, the
inclination is 99.(fi-1°,  and the period is 102.9 minutes.

This orbit provides the follo~ving  significant advantages:
.

.

.

.

.

.

by synchronizing the orbit to PISS over the
terminator (a “dawn-dusk” orbit that crosses the
equator at 6:00 local time), the flight systcm
rcccivcs  relatively uniform solar illumination
throughout individual orbits and throughout the
year

the radiation environment is significantlJr  more
benign than for higher altitude orbits

the flight  s~stcrr~  a} ’oids eclipse on at least 265
days pcr ycnr cfcn under worst-case launch \ctliclc
ilrjcction  errors and orbit perturbations o~’cr tlvc
years. The maximum cclipsc  tinlc  is Icss than 20
minutes pcr orbit

a propulsion systcnl is not required to achiclrc nor
n~aintain the orbit. The abscncc  of a propulsion
s!stcm climinalcs  mechanical dishlrbances  induced
by fuel slosh. reduces the spacecraft cost and
complexity, and removes a potential source of
contamination for the oplics

ll~agnctic  torque rods can dcsaturatc  reaction \vhccls
clin~inating  the need for a gas systcm or an
elaborate Slciting  schcmc

the orbit is bcnca[h  the GPS constellation al
20,(W) kn~ attitude so GPS rccci~crs  on the
spacccratlcasily  enable achicvcmcnt of the required



4 mndscc  velocity knowledge to corrcc{ for slcllar The kcy cons(r-ain(s  for designing an obscwalional  scenario
aberration. arc on (}IC direction in which the nominal viewing axis mm’

. The 900-km orbit allows  SIM to usc a smaltcr
launch vehiclc

point, The siderostats  articuhttc  t2.5° in both wimuth and
elevation about this axis. Baffles protect the sidcrostats
from direct heating by the Sun and Earth, satisfying thermal

The launch vehicle chosen for SIM is a Delta [[ 7920 with constraints on the sidcrostat  mirrors. Given the geometry of

the 10-ft fainng.  This Delta hm a payload capability to the the baffles, it is required that the Sun not bc within 50° of

desired orbit of 3000 kg. Since a third stage is not required the nominal axis and that  the limb of the Earth not bc

to obtain the desired orbit, the entire fainng volume can be within 30°. Based upon these constraints, an example

used. This allows the current SIM architecture with a
obscmational  sccnano has been developed and is sho\vn in

baseline of 10 m
Figure 5.

June 22 December 22

Figure 4 SIM Sun Synchronous Orbit

900 km Orbit
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● Number of Grid Tiles = 5733 O/. of Year= 25,6 7.

● Number of Astrometric Tiles = 5298 % of Year = 25.6 %
● Number of Images = 6 YC of Year= 1.9 90

Slewin& Settling, Calibration/Engineering, occultations, South Atlantic Anomaly, Inefficiency = 4s.9 %

Figure S Onc Year Obscn’alional  Scenario



5. Mission Operations System

The SIM Mission Operations syslcm makes nwimum usc
of existing multimission  facilities rcducirrg the cost and risk
associated with developing new and unique systems.
Typical of such facilities are the Alaska SAR Facility (ASF)
Tracking Antenna, JPL’s  Multimission  Ground Data
System (MGDS), JPL’s Muitimission  Command System
and JPL’s Muhimission Navigation Facility as shown in
Figure 6. The reduction of cost and risk by automation of
processing, use of proven off-the-shclfor locally developed
software and hardware, and ease-of-uscby  the cnd users arc
the design drivers at each stage in the dcvclopmcnt  of
mission operations for SIM.

Cotnmand  and Telemetry

A possible tracking station is the ASF’S 11 m antenna at
Poker Flats, Alaska. This station provides X-band uplink
and dowlink  to the spacecraft. Required uplink  commands
are passed from JPL’s Multimission  Command System to
ttw Ataska  SAR Facility’s control subsystcm  as nccdcd.
Dow’ntink  telemetry are shipped with tracking information
back to JPL’s MGDS. Downlink occurs on a daily basis for
the first 30 days. After that, downlink occurs during an

approximately 12-n~inute window once cvcv 4 days. There

is a significant cost and complexity advantage to
downlinking  only once c~cry -i days Scheduling the
antenna is Icss difficult  and tl~c need for operations personnel
is rcduccd The link provides a data rate of 20 megabits/scc
yielding roughly 14.7 Gb of science and engineering data at
a nominal Iosslcss  compression ratio of 2:1 delivered to
JPL.

The existing MGDS Command System for uplink
commanding will bc adapted to send commands to the
spaccc m ft.

A’migo!ion and Ground [Iota Processing

JPL’s Multimission  Navigation Facility (NAV) receives
tracking data to monitor the spacecraft’s orbit and provides
orbit predictions which in turn feed back into the uplink
command sequencing. Navigation data is stored in the
Project Data Base (PDB) in the JPL MGDS. All software
modules necessary to perform these operations have been
developed and arc maintained by the NAV staff.

JPL’s MGDS captures, routes and stages the tclcmct~  and
ground monitor data reccivcd from the Alaska SAR Facility.
All data is managed and archived on the various subsystems
}vithin  the MGDS and is readily available to the project and
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scicncc  staff. The principal archive of cnginccril]g.
navigation and ancillary operations data is the PDB bul IIIC
scicncc data and csscnlial  ancillary infonwr(ioll arc
ca(alogucd  and archived during mission operations in the
Multimission  Instrument Prcrccssing  Systcm  (MIPS), which
maintains a distributed sccurc  link with the scicncc
community. Instrument health and monilorirrg  and scicncc
data management software  arc based on projccl  specific
adaptations ofcurrcnt  and currently-planned sof[warc  for such
capabilities within the MGDS and JPL’s Flight Systcnl
Testbed, JPL provides a data hub forproducts  used in the
SIM educational, community or industry outreach
programs.

IIome Institution Science Proce.wng  Sj@etns

Science processing is perforrncdon  workstations at the
scientist’s home institution. Scientists use commercial off-
the-shelf analysis packages or locally-written software for
their amlyses.  Science data catalogucd  and archived at
JPL’s MIPS facility is available 24-hours per day via a
network along with necessary ancillary information for
browsing and data transfer. The scicncc  team provides

Y *
* FY’96 ~ F~97  : FY’98 ~ FT”99 ~ FY’00
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dircclionm  to the dis(ributioll  and availability of all data.
Archiiral  data formats conforn]  to standards SC( by the
scicncc  team. Delivery of scicncc  products produced by
lloll~c illstitlltiot~s  to:il~y archivc  facility is at thcdiscrction
of thcscicncc  tcan).

6. Project Status

The SIM Project has complctcd  the prc-Phase A activities
and has cntcrcd  into Phase A. Figure 7 presents the SIM
project schcdulcshowirrg the key activities leading to the
krunchof the flight system in June 2005. The SIM design
incorporates demonstrated technology that is currently
producing valuable scicncc  data in ground based
intcrfcromctcro  pcrations.  Ancxtcnsivc  technology program
will continu cduringPhascsA  and B that will influcncethc
flr~~lSJM  design During Phase A, an Indush-ial  Partner
}vill  be sclcctcd to build the spacecraft.

Additionat information about the SIM Project can bc
obtained from the SIM Home Pa~c at the address
h(tp://hucy/framctcst/Docs/framc 1,htrnl~
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